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ABSTRACT 



The U.S. Navy sometimes has the requirement to use low cost fuels containing significant 
amounts of vanadium and sulfur in gas turbine engines. Unfortunately the yttria stabilized zirconia 
(YSZ) which is used as a thermal barrier coating on gas turbine blades can be severely attacked by 
vanadia. Powders of YSZ containing 8-mol% Y2O3 and pure zirconia containing various amounts of 
V2O5 were annealed at 9 CK)oC. These were then examined by X-ray diffraction and electron 
microscopy, as well as single crystals of pure Zr02 and YSZ ( 20 %wt Y2O3 ) exposed to V2O5 melts, 
to study how the vanadium degrades the YSZ by reacting with the stabilizer to form YVO4 and how 
the vanadia transforms the cubic and tetragonal YSZ crystal structures to monoclinic which degrades 
rapidly as a gas turbine blade coating. 
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I. 



INTRODUCTION 



Yttria- Stabilized zirconia has been developed for use as 
a thermal barrier coating on hot section gas turbine blades, 
which, by allowing higher gas temperature, can increase engine 
efficiency by 10% or more. 

Unfortunately using these coatings with cheap fuels, 
particularly those containing vanadium and sulfur has led to 
dramatically reduced coating lifetimes. There have been 
several suggestions as for the origin of this degradation, in 
particular the Zr02*Y203-V system has been intensively studied 
using various methods for varying the activity of V in the 
neighborhood of the YSZ. As a result of these experiments some 
workers suggest that degradation of the YSZ arises as a result 
of preferential diffusion of Y2O3 out of the YSZ to react with 
V2O5 to form YVO4 leaving a monoclinic solid solution behind 
which rapidly degrades [Ref. 2 ] [Ref. 18 ]. On the other hand 
Patton et al [Ref. 10 ] suggest that vanadium can interact with 
cubic/tetragonal YSZ without yttria depletion to form a 
monoclinic ternary solid solution which also degrades quicly. 

In the present work attempts will be made to try and 
understand the true nature of the reaction between V and YSZ. 
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II. BACKGROUND 



A. CRYSTALLOGRAPHY OF ZIRCONIA 
1. Cubic 

The cubic phase has a fluorite- type crystal structure, 
in which each Zr is coordinated by eight equidistant oxygens 
and each oxygen is tetrahedrally coordinated by four 
zirconiums and it is stable from 2370 "C to the melting point 
(2680 ± 15 °C) . [Ref .1] , [Ref .2] 



subUmcc) 

subUmce) 

1010 ) 





Figure 1. Schematic diagrams of fluorite structure 
of cubic Zr02 emphasizing (A) face- centered 
cubic packing of cation sublattice and (B) 
simple- cubic packing of anion sublattice. 

[Ref .2:p. 1001] 
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2 . Tetragonal 

In this phase the Zr is surrounded by eight oxygens, 
four at a distance of 0.2465 nm and the other four at a 
distance of 0.2065 run ; the phase is stable between about 
1170°C and 2370®C. [Ref .1] 

3 . Monoclinic 

This phase is stable at all temperatures below 1170®C 
and the coordination of Zr is sevenfold which suggests a 
certain degree of covalency as well as ionicity in the 
bonding. [Ref.l] 

B. PHASE TRANSFORMATIONS OF ZIRCONIA 

Zirconia exhibits the following transformations : [Ref . 2] 
monoclinic tetragonal ^2370®c ^ubic ^2680®c liquid 

1. Monocllnlc ^ Tetragonal 

This transformation was first detected by Ruff and 
Ebert in 1929 using high temperature XRD [Ref.l] . Wolten was 
the first to suggest that this transformation is martensitic; 
the forward transition of this transformation occurs at 1170 
and the reverse one at 950°C. The transformation T-*M is 
accompanied by a 3-5% volume increase which causes stresses 
and failure to zirconia ceramic coatings. The crystal 
structures of tetragonal and monoclinic zirconia are shown in 
Figure 2 [Ref . 3 ;p. 96] . [Ref .1] , [Ref .2] , [Ref .3] 
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MONOCLINIC 



TETRAGONAL 
a. = 0.51485 nm 
= 0.52692 nm 



a = 0.51881 nm 

b = 0.52142 nm 

= 0.53835 nm 



Figxire 2. Crystal structures of monoclinic and 
tetragonal zirconia with lattice parameters 
at 950°C for both phases. 

2 . Tetragonal ^ Cubic 

This displacive transformation is dif fusionles, 
composition- invariant but, as noted [Ref. 6], and occurs with 
a change in crystal symmetry relative to the parent cubic 
phase. The transformation is also accompanied by the formation 
of twins, especially in polycrystalline materials. [Ref .6] 

C. PHASE DIAGRAMS OF ZIRCONIA BINARY SYSTEMS 

The zirconia-yttria system, shown in figure 3, is one of 
the most interesting zirconia binary systems because of the 
relatively large cubic solid solution field. The diagram 
indicates that the greater the content of yttria the more 
stable the cubic phase. A mixture of cubic and monoclinic (or 
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tetragonal) zirconia occurs when the yttria is present in a 
concentration less than that needed for complete stabilization 
of cubic fluorite- type zirconia phase) or when the fully 
stabilized, cubic zirconia with a suitable solute content is 
heat-treated under appropriate conditions of temperature and 
time. [Ref .1] , [Ref .5] 




Figure 3. System Zr 02 -Y 203 . F = fluorite type of 
Zr02; Y = Y 2 OJ; Cub = cubic; Tet = tetragonal; 
Mon = monoclinic; Hex = hexagonal. [Ref. 4] 
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There are several other oxides that used to form a solid 
solution with zirconia, like CaO, MgO, SC2O3, Ce02, In203 etc., 
because they have a relatively high solubility in zirconia ( 
see for example [Ref . 16 ] , [Ref . 17 ] ) and are able to form 
fluorite-type phases with Zr02 which are stable over wide 
ranges of composition and temperature. Two of the commonly 
used stabilizers for zirconia thermal barrier coatings are 
magnesia and calcia; their binary phase diagrams with zirconia 
are shown below in figure 4 [Ref. 11 ], and figure 5 [Ref. 5 ] 
respectively. 



3000r 



Liquid 



2500- 



.2370* V 



C SS 



' V C SS Liq 



\ 

2000 -f TeJ SS C SS / 



1500 



I \ / 
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^Tei SS \ / 

V / 

.V 

^40; Tel SS ♦ MgO 



lOOOL 



Mon ZfOj MgO 
J L_ 



! 



ZfO-i 



20 

Mol Ve 



30 



40 

MgO- 



Figure 4. System Zr02~Mg0 showing Zr02~rich side. 
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Figure 5. Zirconia-calcia binary system. 

D. MECHANICAL PROPERTIES OF ZIRCONIA 

Table I. [Ref .l:p.l4] shows that the coexistence of 
tetragonal and cubic zirconia results in strength and fracture 
toughness values approximately three times those of a mixture 
of monoclinic and cubic phases or only cubic zirconia. 
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TABLE I. STRENGTH AND FRACTURE TOUGHNESS OF ZIRCONIA 





Transverse rupture 
strength (MPa) 


Kic 

( MN/m^/2 ) 


Tetragonal + 
cubic ZrOj 


650 


«7.1 


Monoclinic + 
cubic Zr 02 
{ overaged at 
1400°C ) 


250 


3.7 


Cubic Zr02 
( solution 
annealed at 
1850°C, 4 h ) 


245 


2.8 



E. DESTABILIZATION OF YSZ BY CHEMICAL ATTACK 

The destabilization of YSZ, thermal barrier coatings in 
gas turbine engines, is caused by the vanadium and sulfur high 
level contaminants in low quality fuels. 

1. Reaction o£ Vanadlxim Compounds with Ceramic Oxides 

Some reactions of vanadium compounds with ceramic 
oxides, and products, are collected in Figure 6. [Ref .7:p.228] 
The reactions are mainly driven by the Lewis acid-base 
mechanism type where, acids react with bases, but not acids 
with acids or bases with bases. [Ref. 8] 
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INCREASING ACIDITY 



NaaVO^ 







^ 2^3 


NR 


0 

2 : 




CeOj 


NR 


to 

< 5 


ZrOj 


NR 


ecu 






o< 










GeOj 


Nd4G690^ 




f 


Ta205 


NaTaOg 



NaVOj VaOs 

YVO4 YVO4 

NR CeV 04 

NR ZrVjOa 

(BUT SLOWLY) 

NR 

o-TaVOj 



Na4Ge902o' * 
NaaT 840^^ 



NR = NO REACTION 

'*> AS PPT FROM HjO SOL’N 



Figure 6. Reaction behavior and products of ceramic 
oxides with vanadium compounds. 



2 . Reaction of V2O5 with Zr02 




Figure 7 . System V205-Zr02 



The phase diagram of Zr02-V205 system shown in figure 
7 [Ref. 13 ], suggests that for low V2O5 contents the reaction 
product will be ( monoclinic ) Zr02 + ( cubic ) ZrV207 since 
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in the composition ranges of interest the amount of V 2 O 5 is 
small. The reaction can be written as follows. 

Zr02 + V2O5 = ZrV207 (1) 

However, the phase diagram of V-0 system, shown in 
figure 8 [Ref .15] , does not show what phase is stable, V 2 O 5 or 
V 2 O 4 , at 900®C which is the working temperature for the gas 
turbines, and the temperature of interest in the present work. 



TCC) 



596 6J6 679 727 




This figure 8 suggests by extrapolation that V 2 O 4 is 
stable at 900°C; this is also suggested by the Y 2 O 3 -V 2 O 5 phase 
diagram ( figure 9 ) , where the V-rich phases are shown to be 
deficient in oxygen. 
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3 . Reaction of VjOg with Y2O3 

The phase diagram of Y2O3-V2O5 system is shown in 
figure 9 [Ref. 14 ]. All the reactions which have been 
considered between V2O5 and Y2O3 in the present work lead to 
the formation of YVO4 which suggests that V2O5 and Y2O3 react 
on an equimolar basis, thus 

V2O5 + Y2O3 = 2YVO4 (2) 




Figure 9 . System Y2O3-V2O5. The Y2O3-YVO4 subsystem 
is probably pseudobinary because of oxygen 
losses from the 4:1 and 5:1 phases. L and H = 
low and high forms, respectively. 
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4. Reactions of YSZ with Vanadl\im Pentoxlde 

The reaction ( 2 ) of the Y2O3 stabilizer in YSZ matrix, 
with the V2O5 component of the molten contaminant deposits can 
be rewritten as follows. 

Y2O3 ( in Zr02 ) + V2O5 ( in melt ) = 

2YVO4 { solid precipitate ) (3) 

Y2O3 ( base ) + V2O5 { acid ) = 2YVO4 { salt ) ( 3 a) 

Y2O3 { a<l ) + V2O5 { a<l ) = 2YVO4 { s,a=l ) ( 3 b) 

The reaction ( 3 ) is rewritten as ( 3 a) to emphasize the 
Lewis acid-base nature, and as ( 3 b) to emphasize that the 
activities of yttrium oxide in YSZ and vanadium pentoxide in 
melt are less than one ( a<l ) , and the YVO4 is considered to 
form as a pure solid with activity equal to one ( s,a=l ) 
[Ref. 9 ] . The formation of yttrium vanadate from this reaction 
leaches the Y2O3 from solid solution in the zirconia matrix, 
and causes destabilization from the tetragonal ( or cubic ) to 
monoclinic structure of zirconia. [Ref. 10 ] 

Another reaction which could take place is between 
Zr02 and V2O5 to form ZrV207_ This is extraordinarily slow as 
discussed in [Ref . 7 ] ; it is certainly slower than the reaction 
of V2O5 with Y2O3 . 

The recent results of Patton et al [Ref. 10 ], in which 
a single crystal YSZ was exposed to V2O5 melts at 900 °C for 
100 hours are presented in figure 10 [Ref. 10 :p. 8] . 
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Figure 10. (a) Concentration variations for yttrium, 
vanadium and zirconium existing in a YSZ 
specimen after 100 hours compared to (b) a 
schematic illustrating the orientation of the 
different regions of the specimen. 



These results show that in the outer region, near the 
surface, the yttrium was depleted by the vanadium to form 
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YVO^; but at greater depths where significant amounts of 
vanadium was detected, no YVO^ could be found nor was there 
depletion of Y2O3; in this region the presence of the 
monoclinic phase was shown by XRD. This suggests that perhaps 
it is not necessary to generate YVO^ for the vanadium to 
degrade the YSZ, and that at low vanadium activities the YSZ 
could be degraded without the formation of YVO4 . 

F. SCOPE OF PRESENT WORK 

From previous research and literature presented here some 
important conclusions can be drawn: 



• Zr02 reacts with V2O5 slowly to form ZrV2^i [Ref . 7 ] ; there 
is no evidence of a monoclinic solid solution of V2O4, 
which is possible at 900 °C, or V2O5 in Zr02 . 

• Y2O3 reacts on an equimolar basis with V2O5 to form YVO4 
which is always found on the surface of YSZ coatings 
exposed to vanadium. [Ref. 2 ] 

• V2O5 { maybe V2O4 ) can react with YSZ to form what 
appears to be a ternary monoclinic solid solution 
[Ref. 10 ], and Patton ( private communication ) has 
suggested that with very low V activities a monoclinic 
ternary solid solution of Zr02-Y203-V205 (maybe V2O4) can 
form without the presence of YVO4 . 



The present work will involve X-ray diffraction ( XRD ), 
scanning electron microscopy ( SEM ) , and transmission 
electron microscopy ( TEM ) studies of the following: 



• The true reaction of V2O5 with Zr02 at 900 ®C in air to see 
if there is formation of a solid solution, using both 
powders and single crystal specimens. 
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• Reinvestigation of the reaction between 
Zr02 - 8mol%Y203 in air at 900 ®C to 
understand the degradation of YSZ with \ 
mechanism ( or mechanisms ) of V2O5 
unclear. 



powdered V2O5 and 
try and further 
^ since the exact 
attack is still 
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III. EXPERIMENTAL PROCEDURE 



A. SAMPLE PREPARATION 

1. Powder Samples 

Fine powders of YSZ ( TZ- 8 Y, Zr 02 - 8 mol% Y 2 O 3 ) and 
pure zirconia ( TZ-0, Zr 02 ), were provided by Tosoh Inc., as 
well as vanadium pentoxide ( V 2 O 5 ) typically 99.9% pure by 
J.T. Baker Chemical Co. 

An accurate balance ( Sartorius-Werke AG ) was used to 
make powder mixtures of YSZ with 1 , 3, 5, 7, and 10 weight 
percent of V 2 O 5 as well as mixtures of Zr 02 with 2, 5, and 10 
weight percent of V 2 O 5 . All the powder mixtures were reacted 
at 900®C for 168 hours. 

2. Single Crystal Sample 

A specimen of a single crystal of YSZ ( Zr 02 + 20%wt 
Y 2 O 3 ) ,as well as of pure Zr 02 ^ was supplied by Dr J. Patton, 
Naval Surface Warfare Center, Annapolis MD; the specimen was 
exposed to V 2 O 5 melts at 900®C in air for 50 hours. The 
activity of the V 2 O 5 was maintained at 5.2 x 10'^. The specimen 
was cut transverse to the exposed surface and cold mounted in 
epoxy resin. This was then coated in carbon to make it 
conducting for the SEM. 
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B. X-RAY DIFFRACTION 



The powder samples described above were passed through a 
U.S. standard #400 sieve mesh ( 38/xm ) and then mounted into 
a specimen holder by using acetone to wet the powder. A razor 
blade were used to remove the excess powder on the sample 
holder and make a flat surface. The final step consisted of 
using a final layer of acetone to settle and clean the 
residual powder around the holder. 

X-ray diffraction was performed using a Phillips PW1700 
X-ray Diffractometer ( XRD ) with a copper target ( Cu alpha 
1, 2 wavelengths = 1.54060, 1.54439 A ), equipped with a 
Philips microprocessor controller. A power setting of 30kV, 
35mA and a scan rate of 2 seconds running for a step 0.05 
degrees ( 0.025 deg/s ) was suitable for collecting all the 
raw data. 

The raw data was analyzed by using a VAX 3100 workstation 
and the peak positions and integrated intensities were 
determined and recorded using Phillips APD1700 software which 
curve fits each individual peak. 

C. TRANSMISSION ELECTRON MICROSCOPY ( TEM ) 

Powder samples were crushed and then collected on a 400 
mesh copper grids, coated with a thin layer of carbon. 

A JEOL 100 TEM, with voltage setting 120kV,was used to 
investigate the samples. Photographs were taken of bright 
field images and diffraction patterns. 
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D. SCANNING ELECTRON MICROSCOPY ( SEM ) 

The powder samples of the reacted mixtures were passed 
through a U.S. standard #400 sieve mesh over an SEM sample 
holder covered with a thin layer of conducting adhesive. The 
microstructures were then studied in a Cambridge, Model S200 
SEM equipped with a Kevex x-ray energy dispersive spectrometer 
( EDX ) . The chemical analysis was also measured by EDX to 
check for loss of components during the heat treatment. 

The SEM backscattered imaging method was used on the 
single crystal sample to examine the phases present in the 
reacted zone and in the unreacted specimen. It was determined 
that backscattered image provided improved detection of the 
phases present in the reacted zone using atomic nxamber 
contrast [Ref . 19 ;p. 149] . 
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IV. RESULTS AND DISCUSSION 



A. XRD RESULTS 

1 . ” ^ 2^5 

a. Onreacted in the Mechanically Mixed State 

The XRD results of the unreacted powder samples of 
pure Zr 02 with 2, 5, and 10 weight percent V 2 O 5 show the 

monoclinic Zr 02 peaks and the orthorhombic V 2 O 5 peaks as 
expected. Figure 11(a) shows the raw data of the 5% sample 
with V 2 O 5 and Zr 02 peaks. 

b. Annealed at 900**C 

After annealing the samples at 900 °C , 2 and 5% for 
72 hours, and the 10 % for 168 hours, there was no evidence of 
the cubic ZrV20-j or the V 2 O 5 peaks . Figure 11 (b) shows the raw 
data of the 5% sample with only monoclinic Zr 02 . 



TABLE II. Zr02-V205 REACTED INTENSITIES 



Zr 02 ( 111 ) 

M peak 

Intensity (counts) 


V2O5 
in Zr 02 
(weight %) 


Reaction time 
at 900°C 
(hours) 








9053 


2 


72 


8047 


5 


72 


6742 


10 


168 
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Figure 11. 

(a) 



XRD raw data of Zr02-5%wt V2O5: 
unreacted, (b) reacted. 
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Table ii summarizes the intensities of the (ill) 
monoclinic ( M ) peak for all the reacted samples. The table 
shows that increasing the amount of V2O5 causes the (ill) M 
peak to go down; there are two possible reasons which could 
explain this reduction; these are: 

• some V2O5 reacts with Zr02 to form a glassy phase, 

• or the V2O5 reacts with Zr02 to form a solid solution. 

Thermodynamic calculations and the V -0 phase diagram [Ref. 15 ] 
pose the question; has the V2O5 ( V valency 5 ) been 

transformed to VO2 ( V valency 4 ) which is more likely to 
dissolve in the Zr02 matrix, which has also been suggested by 
Matkovich et al [Ref . 20 ] . The increase in reaction time from 
3 to 7 days it doesn't seem to make any difference to this 
reaction which confirms all previous work on this topic 
[Ref. 7 ] [Ref. 12 ] and suggests that the reaction is extremely 
slow. 

c. Zr 02 Single Crystal 

The results of the pure Zr02 monoclinic single 
crystal close to [ 215 ] zone axis, exposed to V2O5 vapor at 
900 °C for 50 hours, showed no sign of V2O5 or ZrV207. The XRD 
pattern was found to contain monoclinic peaks only. 
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2 . 



YSZ with V 2 O 5 Annealed at 900'’C 

The results of the Zr02-8mol% Y2O3 , with 1, 3, 5, 7, 
and 10 percent weight of V2O5, powder samples reacted at 900°C 
for 168 hours, and 100 hours ( 10% sample only ) , show that 
YVO4 ( Y ) is definitely formed by the reaction (3) , as well 
as the transformation of cubic/tetragonal ( C ) YSZ to 
monoclinic ( M ) Zr02 . Table iii summarizes the higher 
intensities of the C (111) , M (ill) , and Y (200) peaks for the 
various reacted samples. 



TABLE III. SELECTED PEAK INTENSITIES OF YSZ-V2O5 REACTED 
SAMPLES 



V205 

%wt 


(111) 
C, Peak 
(counts) 


(111) 
M, Peak 
(counts) 


(200) 
Y, Peak 
(counts) 


Reaction 

time 

(hours) 












1 


11485 


643 


350 


168 


3 


8878 


1591 


729 


168 


5 


7044 


1949 


1262 


168 


7 


2964 


5004 


1995 


168 


10 


0 


6982 


2601 


100 



Table iii shows that by increasing the amount of V2O5, 
the formation of tetragonal YVO4 increases, as well as 
monoclinic Zr02. Figure 12 shows a comparison of the XRD raw 
data between the 1%, figure 12 (a) , and the 10% sample, figure 
12 (b) , to emphasize the growth of the YVO4 and Zr02 at the 
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expense of the cubic/tetragonal YSZ phase. Figure 13 is a plot 
of the C, M, and Y percentages present versus the weight 
percentage of the V 2 O 5 reacted with YSZ at 900°C. The points 
derived by the relationship, % reaction product 
100 *X/ (C+M+Y) ( where X = C, M, or Y ) . 

The nonlinearity of the C and M curves leads to the 
conclusion that for higher amounts than 5% V 2 O 5 the 
destabilization of YSZ is more rapid without being affected 
much by the almost linear growth of YVO 4 or the time of 
reaction. It can be seen that only 100 hours was adequate for 
the complete destabilization of the YSZ-10%wt V 2 O 5 sample. 
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xao*^ 





Figure 12 . XRD raw data of reacted samples ; 

(a) YSZ-l%wt V 2 O 5 and (b) YSZ-10%wt V 2 O 5 
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DESTABILIZATION OF YSZ 




%wt V205, in YSZ 

Figure 13. Plot of C, M, Y% content vs %wt of V 2 O 5 in 
YSZ powder samples annealed at 900®C. 
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B . TEM RESULTS 



It was very difficult to get thin single phase regions 
from the TEM powder samples, thus it was not possible to get 
good diffraction patterns. 

1 . Zr02"5%wt V 2 O 5 

A TEM powder sample of the Zr 02 - 5 %wt V 2 O 5 reacted at 
900 °C for 72 hours was examined. Particles were usually 
overlapped and not thin enough for diffraction and accurate 
EDX analysis and gave a wide range of compositions. Two bright 
field micrographs were taken of particles shown in figures 14, 
and 15, as well as the EDX chemical analysis. Table iv shows 
the oxide percentage of the two particles. 



TABLE IV. EDX 


ANALYSIS OF Zr02-5% 


V 2 O 5 PARTICLES 


I Element 


Oxide % 


Oxide % 


& Line 


Figure 14 


Figure 15 


V Ka 


3.96 


42.69 ' 


Zr La 


96.04 


57.31 



These analyses, on table iv, show some evidence of 
ZrV 207 composition, for example the particle in figure 15, 
which was not seen in the XRD results, on the other hand there 
may be some glassy phases associated Zr 02 +V 205 reaction, which 
would not detected by XRD. Further TEM investigations should 
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be performed on single crystals of pure Zr02 exposed to V2O5 
corrosion environment vapors for much longer periods of time 
since it is knovm that the reaction takes place very slowly. 




Figure 14. Zr02-5%wt V2O5 reacted at 900 °C for 72 

hours, particle oxide percent composition 
close to overall composition. Bright field 
TEM micrograph. 
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84nm 



Figure 15. Zr02-5%wt V2O5 reacted at 900®C for 72 

hours, particle oxide percent composition 
close to fifty-fifty (atomic) . Bright field 
TEM micrograph. 



2. YSZ with V20g Annealed at 900*^0 

TEM powder samples of the YSZ-1% V2O5 reacted at 900®C 
for 168 hours and YSZ- 10% V2O5 reacted at 900°C for 100 hours 
were examined. Particles were again overlapped and were 
usually not thin enough for diffraction and accurate EDX 
analysis and gave a wide range of compositions. Three bright 
field micrographs were taken of particles shown in figures 
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16(a), 16(b), and 17, as well as the EDX chemical analysis. 
Table V shows the oxide percentage of the three particles. 



TABLE V. EDX ANALYSIS OF YSZ-V 2 O 5 REACTED PARTICLES 



Element 


Oxide % 


Oxide % 


Oxide % 


& Line 


Figure 16 (a) 


Figure 16 (b) 


Figure 17 


V 


Koi 


31.25 


2.54 


92.15 


Y 


ha 


54.35 


17.93 


4.99 


Zr 


ha 


14.4 


79.53 


2.86 



These analyses, in table v, reconfirm the existence of 
YVO 4 as expected, in the particle shown in figure 16 (a) , 
evidence of which was also seen in the XRD results. On the 
other hand the existence of almost pure Zr 02 monoclinic phase 
with a touch of YVO4 is demonstrated from an analysis of the 
particle in figure 16 (b) . In addition, unreacted V 2 O 5 with a 
touch of YVO4 plus monoclinic Zr 02 was detected in the 
particle shown in figure 17. This suggests that not all the 
Y2O3 ( in Zr 02 ) reacts with the V2O5 to form YVO4, but perhaps 
some of the V 2 O 5 reacts with the Zr 02 to form a glassy phase 
or a solid solution. Further TEM experiments should be 
performed on single crystals of YSZ exposed to V 2 O 5 corrosion 
environment vapors, to investigate the phases present in the 
reacted zone. 
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(a) 



96nm 



(b) 



89 nm 



Figure 16. YSZ-l%wt V 2 O 5 reacted at 900®C for 168 
hours, (a) The particle composition mostly 
YVO 4 with a touch of Zr 02 - (b) Particle with 

composition mostly Zr 02 with a touch of YVO4. 
Bright field TEM micrographs. 
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Figure 17. YSZ-10%wt V 2 O 5 reacted at 900°C for 100 
hours. The particle composition shows 
unreacted V 2 O 5 with a touch of YVO 4 and Zr 02 . 
Bright field TEM micrograph. 



C. SEM RESULTS 

1 . Zr02-5%wt V2O5 Powder Reacted at 900 ®C 

Only the overall chemical analysis performed by EDX 
was useful, for the Zr 02 - 5 %wt V 2 O 5 powder sample reacted at 
900 ®C for 72 hours, which confirmed no loss of the components 
V or Zr. 

2 . Single Crystal of YSZ Es^osed to V2O5 

Single crystal of YSZ ( 20 wt% Y 2 O 3 ) exposed to V 2 O 5 
melts at 900 in air for 50 hours was examined by SEM. The 
activity of V 2 O 5 was maintained at 5.2 x 10'^. The specimen was 
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cut transverse to the exposed surface and examined across the 
reaction zone. Table vi summarizes the chemical analysis 
across the reaction zone. At the beginning of the reaction 
zone region marked with an arrow as shown in figure 18, the 
light phase (10 ^m across) appears to be pure Zr 02 by EDX 
analysis . 




Figure 18. YSZ ( 20 wt% Y 2 O 3 ) single crystal sample: 
Exposed to V 2 O 5 vapors at 900°C in air for 50 
hours .Activity of V 2 O 5 was maintained at 5.2 
X 10*®. Backscattered SEM micrograph showing 
the reaction zone. Atomic number contrast 
clearly shows segregation into two regions, 
one V-rich and one V-deficient. 
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TABLE VI. EDX ANALYSIS OF YSZ SINGLE CRYSTAL EXPOSED TO V 2 O 5 



Examined 

Area 


Element 

Zr 


Element 

V 


Element 

Y 


1 


Figure 18 










particle as marked 


99.35 


0.65 


0.0 


wt% 


Figure 19 Dark region 


22.9 


31.61 


46.10 


wt% 


near start of zone 


17.66 


37.48 


44 . 86 


at% 


Figure 20 Light 










region near center 


84.68 


8.11 i 


7.21 


wt% 


of reaction zone 


79.43 


13.63 


6.94 


at% 












Figure 20 Dark 










region near center 


41.84 


22.61 


35.55 


wt% 


of reaction zone 


35.22 


34.07 


30.71 


at% 


Figure 21 End of 


79.10 


9.34 


11.56 


wt% 


reaction zone overall 


73.46 


15.52 


11.02 


at% 


YSZ Matrix 










composition 


80.6 


0.0 


19.4 


wt% 



The dark phase that is shown in figure 19 ( 2 /tm wide 
) in the beginning of the reaction zone is mostly YVO 4 as 
showed by EDX analysis. The presence of Zr 02 may be from the 
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neighboring white phase area, since the probing area was close 
to the limit of resolution of x-ray analysis mode. 




Figure 19. Backscattered SEM micrograph showing the 
beginning of the reaction zone. EDX analysis 
showed that the lighter phase ( high Z ) is 
mostly Zr02 and the dark phase { lower Z ) is 
mostly YVO4. Same sample as in figure 18 . 



On going inland from the exposed surface, near the 
center of the reaction zone, these regions, the light and dark 
phases, become more narrow ( 1-2 ^m across ) ; thus overlap 
from neighboring regions decreases the accuracy of the EDX 
results. Figure 20 is a blow up of the middle of the reaction 
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zone showing the finer regions of the light and dark phases 
compared with the start of the zone. 




Figure 20. Middle of the reaction zone. 

Backscattered SEM micrograph on the same 
sample as in figure 18. 



The segregation appears to extend all across the 
reaction zone, and near the end of the zone this is on a much 
finer scale ( unresolvable with SEM ) . EDX analysis now cannot 
to be performed because the phases are separated by distances 
that are much smaller than the limit of spatial resolution for 
the EDX. Figure 21 shows very clearly the finer scale of the 
two phases compared with the middle of the reaction zone. 
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Figure 21. End of Che reaction zone. Backseat tered 
SEM micrograph showing the two phases to be 
present on a much finer scale as we go 
towards the end of the reaction zone. Same 
sample as on figure 18. 



Further TEM studies with EDX analysis are necessary to 
fully characterize these regions at the center of the zone and 
near the end of it. The matrix composition of the unreacted 
YSZ single crystal was found to be, by EDX analysis, 19.4% 
weight of Y 2 O 3 ( specimen YSZ-20%wt Y 2 O 3 ) . This suggests that 
Che NFS EDX was well calibrated and the results are accurate 
as long as data are taken well above the limit of resolution. 
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V. CONCLUSIONS 



From an analysis of the results of the experiments on both 
the powder samples and the single crystals using XRD, TEM, and 
SEM, the following conclusions can be drawn. 

First, the Zr02 reacts slowly with small amounts of V2O5 
at 900 ®C in air, to form either (a) a glassy phase or (b) a 
solid solution. The valency of V adopted in this reaction is 
not clear. 

Secondly the cubic and tetragonal YSZ react with V2O5 to 
form YVO4 and monoclinic Zr02, and that this segregation in 
single crystal samples appears to extend all across the 
reaction zone. 
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VI. RECOMMENDATIONS 



The reaction between YSZ and V2O5 seems to be well 
established, but the nature of the segregation between the 
Zr02 and YVO4 regions is not yet understood at the center and 
end of the reaction zones in single crystal samples. In order 
to fully characterize these regions it is necessary to perform 
TEM studies with EDX analysis on the reaction zones in YSZ 
single crystals exposed to V2O5 melts. 

Another suggestion for further work is an investigation to 
try and fully understand the reaction between the Zr02 and 
V2O5. TEM studies on pure Zr02 single crystals exposed to V2O5 
melts are recommended to achieve this. 
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rystal  was  found  to  be,  by  EDX  analysis,  19.4% 
weight  of  Y203  (  specimen  YSZ-20%wt  Y203  )  .  This  suggests  that 
the  NPS  EDX  was  well  calibrated  and  the  results  are  accurate 
as  long  as  data  are  taken  well  above  the  limit  of  resolution. 
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V.  CONCLUSIONS 

From  an  analysis  of  the  results  of  the  experiments  on  both 
the  powder  samples  and  the  single  crystals  using  XRD,  TEM,  and 
SEM,  the  following  conclusions  can  be  drawn. 

First,  the  Zr02  reacts  slowly  with  small  amounts  of  V205 
at  900°C  in  air,  to  form  either  (a)  a  glassy  phase  or  (b)  a 
solid  solution.  The  valency  of  V  adopted  in  this  reaction  is 
not  clear. 

Secondly  the  cubic  and  tetragonal  YSZ  react  with  V205  to 
form  YV04  and  monoclinic  Zr02,  and  that  this  segregation  in 
single  crystal  samples  appears  to  extend  all  across  the 
reaction  zone. 
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VI.  RECOMMENDATIONS 

The  reaction  between  YSZ  and  V205  seems  to  be  well 
established,  but  the  nature  of  the  segregation  between  the 
Zr02  and  YV04  regions  is  not  yet  understood  at  the  center  and 
end  of  the  reaction  zones  in  single  crystal  samples.  In  order 
to  fully  characterize  these  regions  it  is  necessary  to  perform 
TEM  studies  with  EDX  analysis  on  the  reaction  zones  in  YSZ 
single  crystals  exposed  to  V205  melts. 

Another  suggestion  for  further  work  is  an  investigation  to 
try  and  fully  understand  the  reaction  between  the  Zr02  and 
V205 .  TEM  studies  on  pure  Zr02  single  crystals  exposed  to  V205 
melts  are  recommended  to  achieve  this. 
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